ABSTRACT. Ultrasonic fatigue tests are carried out under the modality of three point bending on the granite stone. The testing specimens present a prismatic shape with the dimensions: 12 x 3 x 0.8 centimeters, in order to be supported by its two ends, and to configure the three point bending modality. Granite specimens are supported on an acrylic structure destined to fix and immobilize the specimens. Vibrating load is applied at the center of testing specimens by a self-designed and fabricated aluminum alloy awl, whose dimensions have been obtained by modal numerical analysis to fit the resonance condition, necessary for the ultrasonic fatigue tests. Experimental results are obtained at room temperature and humidity between 65 and 75%. The fatigue endurance is determined on the granite under this modality of loading, and the fracture surfaces are analyzed to identify the principal trends related to crack initiation and propagation on this material.
INTRODUCTION
ranite stone has been studied insensibly under compression loading in the last decades [1] [2] [3] [4] [5] [6] ; nevertheless, few studies have been devoted under tension or bending condition [7] [8] [9] [10] . Granite stone profiles are commonly used as structural elements for the house interiors and can undergo tension and bending loading during normal use or under geological phenomena, such as earthquakes [11] [12] [13] [14] .
G
In this work ultrasonic fatigue tests on the granite stone under three point bending are carried out. Prismatic granite specimens with the dimensions: 12 x 3 x 0.8 centimeters were manufactured and its ends were supported on a selfconstructed acrylic structure to configure the three point bending loading. A self-designed and manufactured aluminum awl, which vibrates under resonance with the ultrasonic machine, was applied at the center of specimen [15] . The initial pressure of the awl at the center of granite specimens is a key experimental parameter for the ultrasonic endurance results under this modality of loading. All tests were carried out at room temperature (20 -22°C) , and with an environmental humidity between 65 and 75%. In addition, thermography piectures were taken during experimental testing to register the temperature evolution of the specimen.
EXPERIMENTAL CAMPAIGN

Ultrasonic fatigue tests
he dimensions (mm) of the granite specimens are shown in Fig. 1(a) , whereas the self-designed and manufactured acrylic structure destined to fix and attach the testing specimens is presented in Fig. 1(b) . The acrylic structure allows transmitting motion to the granite specimen with the aid of an endless screw. The self-designed awl used to apply the vibrating load to the granite prism was manufactured from the aluminum alloy AISI 7075-T6. The resonance condition with the ultrasonic machine was achieved by modal finite element analysis, using the Block Lanczos extraction method and the 20NODE Solid 95 element, in Ansys 16.2 software. As shown in Fig. 2(a) : the natural frequency of vibration along the awl is 20060 Hz, a value very close to the ultrasonic vibration of the source: 20000 Hz. In Fig. 2(b) is illustrated the attachment of the awl to the ultrasonic fatigue machine, and the granite specimen supported by the acrylic structure (a thicker specimen used for calibration before the experimental tests). 
T
An initial pressure was applied to the granite specimens before performing the ultrasonic fatigue tests in order to keep the contact between the awl and the specimen surface when the ultrasonic vibration was applied. The initial applied pressure, Fig. 3 (a), was fixed to 9.5 MPa approximately (corresponding to 20 m of flexion at the contact line between the awl and the specimen surface), for all the experimental tests. The pressure is deduced by numerical analysis: imposing a displacement at the center of the clamped granite specimen and obtaining the corresponding stress. The displacement was measured physically by a laser proximity sensor with the precision of ± 1.5 m. Three amplitudes of ultrasonic vibration from the initial pressure with fully reversed stress (R= -1), are imposed on the granite specimens: 13, 18 and 20 m. Fig. 3 (b) presents the temperature distribution taken by thermographic camera at the beginning of ultrasonic tests under three point bending.
Environmental temperature was between 20 and 23° C; whereas the highest temperature at the end of test attained 65 -70° C. Fatigue behavior results were obtained for the granite specimens based on the experimental tests. Fig. 4 shows the experimental results with fully reversed stress and 20 m of ultrasonic vibration (each dot in the graph represents the average of three experimental tests), where the vertical axis is the maximum stress applied at the center of granite specimen and the horizontal axis is the number of cycles of fatigue life. Temperature during ultrasonic fatigue tests seems to be concentrated for the first seconds at the center of specimen (where the awl is applied) and at the specimen extremes, Fig The range of load reported in Fig. 4 was not wide: from 15.5 MPa approximately to 19 MPa; nevertheless, a clear fatigue endurance tendency is observed from the average experimental points in Fig. 4 . Furthermore, the fracture surfaces were different for these two loading level, as shown in Figs. 6(a) and 6(b). For the lower applied load, Fig. 6(a) , a quasi-flat fracture surface was observed; whereas for the higher applied load, Fig. 6(b) , the fracture surface was irregular, particularly at the applied load zone. In both cases, the crack initiated at the contact zone between the awl and the surface of specimen and propagated firstly along the contact surface and afterwards, across the thickness of the specimen, from the top surface to the bottom surface. The time from crack initiation to crack propagation and failure was close to 15 seconds for the lower applied load (15.5 MPa); whereas this time was reduced to 4 seconds approximately for the higher applied load (19 MPa).
Acoustic Emission (AE) technique
Crack initiation and propagation in granite is an energy absorption process and an energy dissipation process that may be monitored by thermal and/or acoustic emission (AE), techniques [16] [17] [18] [19] [20] . From theoretical point of view, the fundamental equation that govern time to failure for uniaxial tensile in material is [21 :
where:  is the time to failure, 0 is the period of the natural oscillation of atoms in the solid, U0 is the binding energy on the atomic scale,  is a parameter proportional to the disorientation of the molecular structure, k is the Boltzmann's constant, and T the absolute temperature. This equation has been validated for a wide variety of materials such as metals, alloys, nonmetallic crystals, and polymers; nevertheless, when the time to failure is large enough, this equation ignores the reforming of atomic bonds and is not valid [22.
Quasi-brittle materials, including rocks, may fail under subcritical loading [23, 24. Granite is characterized as coarser-grained crystalline rocks, which fatigue repeatability under three point bending tensile tests is characterized by random variation [25, 26; nevertheless, ultrasonic fatigue endurance obtained in this paper for the tested granite specimens shows a typical evolution in the S-N graph, as illustrated in Fig. 4 . The repeatability on ultrasonic fatigue results here reported may be associated with the concentrated applied load at the center of the specimen, under this modality of very high frequency and low amplitude loading. The fracture of testing specimen quasi perpendicular to its length, Fig. 6 , would be related to such repeatability too. In order to correlate the temperature variation during testing with the crack initiation and propagation, acoustic emission (AE), tests were carried out. The PAC system 18-bit A/D from MISTRAS Group, with 1kHz -3MHz of scanning frequency was used for this purpose. The calibration for the acoustic emission tests was obtained following a procedure reported in ref.
[27.
In Fig. 7 Four stages are clearly distinguished during ultrasonic fatigue testing: the first stage, named phase I, is characterized by a noticeably increase of AE immediately after applying the load; the second stage is related to the gradually reduction of event rate (phase II). The third stage (phase III), which begins roughly at half of fatigue life, shows an exponential increase of the event rate, whereas in the last stage (phase IV), an import increase of event rate is observed before fracture. The four described stages during ultrasonic fatigue testing are related to the stages of the temperature on the granite specimen, recorded by the thermographic camera. Temperature increases rapidly at the first stage (phase I of AE), following by a quasisteady state of temperature during the second stage (phase II of AE), and an increase of temperature during the third and fourth stages (phase III and phase IV of AE). Acoustic and thermographic analysis simultaneously may be used to predict the fatigue life of testing specimens [28.
This paper is a first attempt of the authors to investigate the relationship between the energy registered by acoustic emission and by thermographic technology [29, 30, related to fatigue behavior under ultrasonic fatigue testing. Further investigation in this field are expected in the next future.
CONCLUSIONS
he following conclusions may be drawn from the present work:  Ultrasonic fatigue tests are carried out on the granite rock, under the three point bending;  Ultrasonic loading is applied by an aluminum awl, which is calculated by finite element method to fit the resonance condition;  Higher temperature is observed by thermographic images at fracture;  Ultrasonic fatigue endurance of this granite prism follows the S-N curve in the narrow range of applied load: 15.5 to 19
MPa;  Fracture surfaces are perpendicular to the axe of specimens and present higher irregularities when the applied load increases;  Acoustic emission techniques are used to register the events during the ultrasonic fatigue tests on the granite, showing that four stages (phases) are present along the time of testing;  Acoustic emission and thermographic technology may be used to investigate the endurance under ultrasonic fatigue testing.
